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Through the 
Astrophysics 
Roadmap, the 
community expressed 
interest in a “Far-IR 
Surveyor” mission.

asd.gsfc.nasa.gov/firs/team/

The OST Science and Technology 
Definition Team engages with and 
represents the community and 
directs the Decadal mission concept 
study.

From the community, 
by the community, and
for the community

Guest Observers will use OST 
to answer the mission-driving 
science questions and make 
unexpected, transformative 
discoveries.
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Study goal
Deliver a scientifically compelling, executable mission concept to the 2020 
Astrophysics Decadal Survey by June 2019.

NASA has a strong track record 
when it comes to implementing 
the large missions recommended 
in past Decadal Surveys.

OST is one of four large missions 
under study. The others are Lynx, 
HabEx, and LUVOIR.2020

TBD
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Top three themes              

(I) Are we alone? OST goal: OST will assess the habitability of nearby exoplanets and search for signs of life. 

(II) How did we get here? OST question: How do the conditions for habitability develop during the process of 

planet formation? 

(III) How does the Universe work? OST question: How do galaxies form stars, make metals, and grow their 

central supermassive blackholes from reionization to today? 

OST level-0 goals map to 2013 NASA Astrophysics Roadmap top-level goals

(I): Exo-Planets; (II) Cosmic Origins; (III) Cosmic Origins+Physics of Cosmos

a r e  W e  a l o n e ?
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zones. This determines how many target stars we have to observe to find a certain number of exoEarths. 
As described in Section 2.2, this percentage will be securely determined with data from Kepler, TESS, and 
WFIRST-AFTA.

Furthermore, we need to know how “clean” the habitable zones of the 
target stars are. Dust in the habitable zones (exozodiacal dust) comes 

from extrasolar asteroids and comets and is thus an expected part 
of a planetary system. Direct observations of terrestrial planets 

around nearby stars will likely be limited by light from this dust. 
The astronomical community has recognized the importance of 
probing nearby stars to assess typical exozodiacal dust levels 
(Astro2010 Decadal Survey). NASA has funded construction 
and operation of a ground-based instrument to perform this 
task, LBTI on the Large Binocular Telescope at Mount Graham, 
Arizona, which is now being commissioned. LBTI science 
operations are expected to begin in 2014. 

Finding exoEarths requires synergy between astronomical and 
biological research. The intersection of these disciplines is the 

realm of astrobiology, the quest to understand life’s origins and 
recognize its signs. The dynamic contributors to Earth’s atmosphere 

have changed substantially over its long history, dramatically modifying 
the planet’s climate and the bulk composition of its atmosphere (Figure 2.9). 

Before the Great Oxygenation Event, about 2.4 billion years ago, Earth’s atmosphere did not contain large 
amounts of free oxygen although life had long flourished on its surface. The event occurred soon after the 
rise of photosynthetic cyanobacteria that convert CO2 into O2; the exact timing depended on the balance 
between oxygen-producing life and oxygen-destroying geologic processes. Other exoEarths will likely have 
ages different from the present-day Earth. To understand their atmospheres and identify which of them 
might harbor life, we first need to better understand atmospheric signs of life throughout our Earth’s long 
inhabited history.

Pale Blue Dots
The next steps are to find rocky exoplanets with liquid water on their surfaces and search for telltale signs of 
life’s influence in the atmospheres of these exoEarths. To accomplish these goals, we must extract light from 
extremely faint Earth-sized exoplanets out of the blinding glare of their Sun-like host stars. The starlight 
could be suppressed with an internal coronagraph or external occulter (a free-flying starshade) added to a 

Figure 2.9 Earth’s three atmospheres. Left: The primordial hydrogen-rich atmosphere just after 
formation of the Earth, about 4.6 billion years ago. Middle: Earth’s early atmosphere, about 3.8 billion 
years ago, contained large amounts of gases released from volcanoes. Right: Earth’s present-day 
atmosphere, containing abundant free oxygen coming from life. Credit: NASA

Is there life on other 
worlds? For the first 

time in human history, 
we have finally been 

able to embark on the 
systematic, scientific 
pursuit of an answer.

h o W  d i d  W e  g e T  h e r e ?

��

Water: Where does it come from?
WaTer is fundamental to life on our planet, but where does it come from" The leading theories suggest that 
water was deposited on Earth through bombardment by asteroids and comets (Figure 3.2). As we begin 
to study the formation of other star systems and look for sister planets, we also need to understand where 
the most basic ingredients of life, such as water and organic molecules, reside in a stellar nursery before 
they become incorporated into asteroids and comets. We need to directly detect water in protoplanetary 
disks and map its locations. Although some by-products of water, such as deuterated species, are visible at 
millimeter�submillimeter wavelengths, the chemical processes creating them may have multiple pathways 
leading to inconclusive results about the distribution and evolution of water in other star systems. In the 
next �0 years, the Far-IR Surveyor will directly measure water emission lines from young stellar systems 
identified by ALMA and JWST. It would also provide the resolution needed to distinguish whether water is 
present everywhere in a star system or only in its outskirts. Moreover, by studying star systems at different 
evolutionary stages, we should be able to determine how the distribution of water evolves with time. 

Debris Disks
DeBrIs disks are the evolutionary link between gas-rich protoplanetary disks and mature planetary systems, 
representing the late stages of planetary system formation (Figure 3.3). These low-mass dusty disks around 
main-sequence stars are produced by colliding and evaporating asteroids and comets, the building blocks of 
planets. <ounger debris disks (�0±�00 million years) are the likely sites of ongoing rocky planet formation. 
In older systems (0.�±� billion years), impacts by water-rich asteroids from the outer stellar system may 
be delivering water and other volatiles to young rocky planets. Probing the composition of debris disks 
will reveal the makeup of planetary building blocks. Initial efforts in this area have been made with HST, 
but to survey more than Must a few systems, the LUVOIR Surveyor’s much greater sensitivity is needed. 
Furthermore, patterns in the dust of debris disks (like gaps and clumps) can reveal the presence of young 

Figure 3.2 An illustration of how Earth’s water may have been deposited from an early bombardment 
of comets. Credit: D.A. Aguilar (CfA)

h o W  d i d  W e  g e T  h e r e ?
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To unravel the formation process of the Milky Way halo, we must dissect these streams and place their 
properties within a cosmological context. Not only are LSST and WFIRST-AFTA the discovery vehicles 
for this exciting science, they will also yield preliminary insights on the global structure and extent of each 
stream, as well as the colors of their stars, providing a hint at their composition. But a more detailed analysis 
will be needed in order to use these new discoveries as testbeds for simulations of galaxy formation. We will 
need to characterize the chemistry, stellar mass, dark matter mass, age, and orbit of each stream around the 
Milky Way to decipher its role in the overall assembly history. Achieving this will require three new studies:

First, the high-precision astrometry of individual stars from LSST and WFIRST-AFTA will feed the next 
generation of �0-m ground-based telescopes for detailed spectroscopic analyses. With multi-obMect 
spectrographs, these telescopes will establish the velocities and chemical compositions of stars in each 
stream. The velocities can be used to measure the line-of-sight dispersion and constrain the mass of the 
stream’s progenitor galaxy stream.

Second, the characterization of stellar populations will require the LUVOIR Surveyor, which will enable 
high-precision color-magnitude diagrams in the Formative Era. Currently, the state-of-the-art instrument 
for such work is HST, which has a 2.�-m mirror. Although JWST will extend the capabilities of HST in 
the near IR, achieving sub-billion-year age resolution for all Milky Way substructures will require an even 
larger telescope to disentangle the most age-sensitive features of composite stellar populations (e.g., the old 
main-sequence turnoff of hydrogen-burning stars and the white dwarf cooling sequence). This can only be 
done over a panchromatic baseline that stretches from the UV to IR.

Third, the reconstruction of a stream’s dynamical history requires establishing full �D space velocities of its 
stellar content. The radial velocity measurements from ground-based �0-m telescopes must, therefore, be 
coupled with measurements of tangential velocities derived from proper motion studies from space. With 
�D velocities in hand, anisotropies in the orbits of these streams around the Milky Way will be measured 
directly, and the build up of the Milky Way halo will be seen in the form of a “movie” of the accretion events. 
Proper motions of very distant stars, over wide fields of view, will require a large space telescope operating 
at high spatial resolution (better than �0 milliarcseconds).

Figure 3.6 A composite of the center of our galaxy from images captured by HST, Spitzer, and Chandra. 
Credit: NASA



Are We Alone?
OST will assess the habitability of nearby 
exoplanets and search for signs of life.
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Geometry of Transiting Exoplanets
• Primary Transits

• Phase = 0 & 1
• Transmission spectrum

• Secondary Eclipses
• Phase = 0.5
• Dayside emission spectrum

• Thermal Phase Curves
• Phase = 0 to 1
• Phase-resolved emission 

spectrum
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Science Objective 1: Characterize the atmospheres (clear or cloudy) of 10 habitable-zone (Teq < 400 K), 
terrestrial (<1.6 REarth) exoplanets in spectral regions containing bio-indcators (CO2, H2O), enabling a culling 
of the sample down to 5 candidate life-bearing planets for followup. >=10 habitable-zone exoplanets.

Model transmission spectra for a 
TRAPPIST-1e like planet with an Earth-like 
atmospheric composition with a dry 
stratosphere orbiting a Kmag=8 star. The 
uncertainties assume 4 transits using OST 
MC2 and a noise floor of 5 ppm.

a r e  W e  a l o n e ?
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zones. This determines how many target stars we have to observe to find a certain number of exoEarths. 
As described in Section 2.2, this percentage will be securely determined with data from Kepler, TESS, and 
WFIRST-AFTA.

Furthermore, we need to know how “clean” the habitable zones of the 
target stars are. Dust in the habitable zones (exozodiacal dust) comes 

from extrasolar asteroids and comets and is thus an expected part 
of a planetary system. Direct observations of terrestrial planets 

around nearby stars will likely be limited by light from this dust. 
The astronomical community has recognized the importance of 
probing nearby stars to assess typical exozodiacal dust levels 
(Astro2010 Decadal Survey). NASA has funded construction 
and operation of a ground-based instrument to perform this 
task, LBTI on the Large Binocular Telescope at Mount Graham, 
Arizona, which is now being commissioned. LBTI science 
operations are expected to begin in 2014. 

Finding exoEarths requires synergy between astronomical and 
biological research. The intersection of these disciplines is the 

realm of astrobiology, the quest to understand life’s origins and 
recognize its signs. The dynamic contributors to Earth’s atmosphere 

have changed substantially over its long history, dramatically modifying 
the planet’s climate and the bulk composition of its atmosphere (Figure 2.9). 

Before the Great Oxygenation Event, about 2.4 billion years ago, Earth’s atmosphere did not contain large 
amounts of free oxygen although life had long flourished on its surface. The event occurred soon after the 
rise of photosynthetic cyanobacteria that convert CO2 into O2; the exact timing depended on the balance 
between oxygen-producing life and oxygen-destroying geologic processes. Other exoEarths will likely have 
ages different from the present-day Earth. To understand their atmospheres and identify which of them 
might harbor life, we first need to better understand atmospheric signs of life throughout our Earth’s long 
inhabited history.

Pale Blue Dots
The next steps are to find rocky exoplanets with liquid water on their surfaces and search for telltale signs of 
life’s influence in the atmospheres of these exoEarths. To accomplish these goals, we must extract light from 
extremely faint Earth-sized exoplanets out of the blinding glare of their Sun-like host stars. The starlight 
could be suppressed with an internal coronagraph or external occulter (a free-flying starshade) added to a 

Figure 2.9 Earth’s three atmospheres. Left: The primordial hydrogen-rich atmosphere just after 
formation of the Earth, about 4.6 billion years ago. Middle: Earth’s early atmosphere, about 3.8 billion 
years ago, contained large amounts of gases released from volcanoes. Right: Earth’s present-day 
atmosphere, containing abundant free oxygen coming from life. Credit: NASA

Is there life on other 
worlds? For the first 

time in human history, 
we have finally been 

able to embark on the 
systematic, scientific 
pursuit of an answer.

OST will assess the habitability of nearby exoplanets 
and search for signs of life. 

Tier-1: Observations of 10 candidates, 4 transists
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Science Objective 2: Constrain the temperature, Tsurf, at the apparent surface of 5 habitable zone 
exoplanets with detected bioindicators, to be consistent (at >95% confidence) with liquid water. >=10 
habitable-zone exoplanets.

Model emission spectrum for a TRAPPIST-1e like 
planet with an Earth-like atmospheric composition and 
temperature profile orbiting a Kmag=8 star. The 
uncertainties assume 16 eclipses using OST MC2 and a 
noise floor of 5 ppm.

Surface temperature constraint for the above scenario. The 
red and blue vertical dashed lines indicate boiling and 
freezing, respectively, and the black the input value. The 
shading shows the 68, 95, and 99.7% confidence intervals

a r e  W e  a l o n e ?
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zones. This determines how many target stars we have to observe to find a certain number of exoEarths. 
As described in Section 2.2, this percentage will be securely determined with data from Kepler, TESS, and 
WFIRST-AFTA.

Furthermore, we need to know how “clean” the habitable zones of the 
target stars are. Dust in the habitable zones (exozodiacal dust) comes 

from extrasolar asteroids and comets and is thus an expected part 
of a planetary system. Direct observations of terrestrial planets 

around nearby stars will likely be limited by light from this dust. 
The astronomical community has recognized the importance of 
probing nearby stars to assess typical exozodiacal dust levels 
(Astro2010 Decadal Survey). NASA has funded construction 
and operation of a ground-based instrument to perform this 
task, LBTI on the Large Binocular Telescope at Mount Graham, 
Arizona, which is now being commissioned. LBTI science 
operations are expected to begin in 2014. 

Finding exoEarths requires synergy between astronomical and 
biological research. The intersection of these disciplines is the 

realm of astrobiology, the quest to understand life’s origins and 
recognize its signs. The dynamic contributors to Earth’s atmosphere 

have changed substantially over its long history, dramatically modifying 
the planet’s climate and the bulk composition of its atmosphere (Figure 2.9). 

Before the Great Oxygenation Event, about 2.4 billion years ago, Earth’s atmosphere did not contain large 
amounts of free oxygen although life had long flourished on its surface. The event occurred soon after the 
rise of photosynthetic cyanobacteria that convert CO2 into O2; the exact timing depended on the balance 
between oxygen-producing life and oxygen-destroying geologic processes. Other exoEarths will likely have 
ages different from the present-day Earth. To understand their atmospheres and identify which of them 
might harbor life, we first need to better understand atmospheric signs of life throughout our Earth’s long 
inhabited history.

Pale Blue Dots
The next steps are to find rocky exoplanets with liquid water on their surfaces and search for telltale signs of 
life’s influence in the atmospheres of these exoEarths. To accomplish these goals, we must extract light from 
extremely faint Earth-sized exoplanets out of the blinding glare of their Sun-like host stars. The starlight 
could be suppressed with an internal coronagraph or external occulter (a free-flying starshade) added to a 

Figure 2.9 Earth’s three atmospheres. Left: The primordial hydrogen-rich atmosphere just after 
formation of the Earth, about 4.6 billion years ago. Middle: Earth’s early atmosphere, about 3.8 billion 
years ago, contained large amounts of gases released from volcanoes. Right: Earth’s present-day 
atmosphere, containing abundant free oxygen coming from life. Credit: NASA

Is there life on other 
worlds? For the first 

time in human history, 
we have finally been 

able to embark on the 
systematic, scientific 
pursuit of an answer.

Tier-2: Observations of 5 candidates, 16 eclipses

OST will assess the habitability of nearby exoplanets 
and search for signs of life. 



Thermal-IR Advantage

M8 Star

Earth-like Planet

• Planet-star contrast ratio always 
improves at longer wavelengths

• Overall SNR falls off at >22 µm
• HZ SNR sweet spot is 8 – 10 µm10/3/18 Goddard - ASD colloquium 9
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Science Objective 3: Confirm the presence of biosignatures at 3.6s (assuming an Earth-like 
atmosphere), if they exist, in the atmospheres of the 4 highest-ranked temperate Earth-like 
exoplanets.

Number of in-transit hours needed to detect methane (solid 
curve) and ozone (dotted curve) at 3.6 sigma confidence as a 
function of telescope primary mirror size.

Model transmission spectra for a TRAPPIST-1e like 
planet with an Earth-like stratospheric composition 
orbiting a Kmag=8 star. The uncertainties assume 64 
transits using OST MC2 and a noise floor of 5 ppm

a r e  W e  a l o n e ?
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zones. This determines how many target stars we have to observe to find a certain number of exoEarths. 
As described in Section 2.2, this percentage will be securely determined with data from Kepler, TESS, and 
WFIRST-AFTA.

Furthermore, we need to know how “clean” the habitable zones of the 
target stars are. Dust in the habitable zones (exozodiacal dust) comes 

from extrasolar asteroids and comets and is thus an expected part 
of a planetary system. Direct observations of terrestrial planets 

around nearby stars will likely be limited by light from this dust. 
The astronomical community has recognized the importance of 
probing nearby stars to assess typical exozodiacal dust levels 
(Astro2010 Decadal Survey). NASA has funded construction 
and operation of a ground-based instrument to perform this 
task, LBTI on the Large Binocular Telescope at Mount Graham, 
Arizona, which is now being commissioned. LBTI science 
operations are expected to begin in 2014. 

Finding exoEarths requires synergy between astronomical and 
biological research. The intersection of these disciplines is the 

realm of astrobiology, the quest to understand life’s origins and 
recognize its signs. The dynamic contributors to Earth’s atmosphere 

have changed substantially over its long history, dramatically modifying 
the planet’s climate and the bulk composition of its atmosphere (Figure 2.9). 

Before the Great Oxygenation Event, about 2.4 billion years ago, Earth’s atmosphere did not contain large 
amounts of free oxygen although life had long flourished on its surface. The event occurred soon after the 
rise of photosynthetic cyanobacteria that convert CO2 into O2; the exact timing depended on the balance 
between oxygen-producing life and oxygen-destroying geologic processes. Other exoEarths will likely have 
ages different from the present-day Earth. To understand their atmospheres and identify which of them 
might harbor life, we first need to better understand atmospheric signs of life throughout our Earth’s long 
inhabited history.

Pale Blue Dots
The next steps are to find rocky exoplanets with liquid water on their surfaces and search for telltale signs of 
life’s influence in the atmospheres of these exoEarths. To accomplish these goals, we must extract light from 
extremely faint Earth-sized exoplanets out of the blinding glare of their Sun-like host stars. The starlight 
could be suppressed with an internal coronagraph or external occulter (a free-flying starshade) added to a 

Figure 2.9 Earth’s three atmospheres. Left: The primordial hydrogen-rich atmosphere just after 
formation of the Earth, about 4.6 billion years ago. Middle: Earth’s early atmosphere, about 3.8 billion 
years ago, contained large amounts of gases released from volcanoes. Right: Earth’s present-day 
atmosphere, containing abundant free oxygen coming from life. Credit: NASA

Is there life on other 
worlds? For the first 

time in human history, 
we have finally been 

able to embark on the 
systematic, scientific 
pursuit of an answer.

Tier-3: Observations of 4 candidates, 64 transists

OST will assess the habitability of nearby exoplanets 
and search for signs of life. 



How do the conditions 
for habitability 

develop during the 
process of planet 

formation?
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Water: Where does it come from?
WaTer is fundamental to life on our planet, but where does it come from" The leading theories suggest that 
water was deposited on Earth through bombardment by asteroids and comets (Figure 3.2). As we begin 
to study the formation of other star systems and look for sister planets, we also need to understand where 
the most basic ingredients of life, such as water and organic molecules, reside in a stellar nursery before 
they become incorporated into asteroids and comets. We need to directly detect water in protoplanetary 
disks and map its locations. Although some by-products of water, such as deuterated species, are visible at 
millimeter�submillimeter wavelengths, the chemical processes creating them may have multiple pathways 
leading to inconclusive results about the distribution and evolution of water in other star systems. In the 
next �0 years, the Far-IR Surveyor will directly measure water emission lines from young stellar systems 
identified by ALMA and JWST. It would also provide the resolution needed to distinguish whether water is 
present everywhere in a star system or only in its outskirts. Moreover, by studying star systems at different 
evolutionary stages, we should be able to determine how the distribution of water evolves with time. 

Debris Disks
DeBrIs disks are the evolutionary link between gas-rich protoplanetary disks and mature planetary systems, 
representing the late stages of planetary system formation (Figure 3.3). These low-mass dusty disks around 
main-sequence stars are produced by colliding and evaporating asteroids and comets, the building blocks of 
planets. <ounger debris disks (�0±�00 million years) are the likely sites of ongoing rocky planet formation. 
In older systems (0.�±� billion years), impacts by water-rich asteroids from the outer stellar system may 
be delivering water and other volatiles to young rocky planets. Probing the composition of debris disks 
will reveal the makeup of planetary building blocks. Initial efforts in this area have been made with HST, 
but to survey more than Must a few systems, the LUVOIR Surveyor’s much greater sensitivity is needed. 
Furthermore, patterns in the dust of debris disks (like gaps and clumps) can reveal the presence of young 

Figure 3.2 An illustration of how Earth’s water may have been deposited from an early bombardment 
of comets. Credit: D.A. Aguilar (CfA)

How do the conditions for habitability develop during the 
process of planet formation?



100,000 AU 10,000 AU

100 AU100 AU100 AU

Pre-stellar core Protostar

Protoplanetary DiskDebris DiskExoplanetary System

The Water Trail
From the interstellar medium

to habitable exoplanets

Science Objective 1: Measure the water mass at all evolutionary stages and across the range of stellar mass 
tracing water vapor and ice at all temperatures between 10 and 10,000 K.
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Water: Where does it come from?
WaTer is fundamental to life on our planet, but where does it come from" The leading theories suggest that 
water was deposited on Earth through bombardment by asteroids and comets (Figure 3.2). As we begin 
to study the formation of other star systems and look for sister planets, we also need to understand where 
the most basic ingredients of life, such as water and organic molecules, reside in a stellar nursery before 
they become incorporated into asteroids and comets. We need to directly detect water in protoplanetary 
disks and map its locations. Although some by-products of water, such as deuterated species, are visible at 
millimeter�submillimeter wavelengths, the chemical processes creating them may have multiple pathways 
leading to inconclusive results about the distribution and evolution of water in other star systems. In the 
next �0 years, the Far-IR Surveyor will directly measure water emission lines from young stellar systems 
identified by ALMA and JWST. It would also provide the resolution needed to distinguish whether water is 
present everywhere in a star system or only in its outskirts. Moreover, by studying star systems at different 
evolutionary stages, we should be able to determine how the distribution of water evolves with time. 

Debris Disks
DeBrIs disks are the evolutionary link between gas-rich protoplanetary disks and mature planetary systems, 
representing the late stages of planetary system formation (Figure 3.3). These low-mass dusty disks around 
main-sequence stars are produced by colliding and evaporating asteroids and comets, the building blocks of 
planets. <ounger debris disks (�0±�00 million years) are the likely sites of ongoing rocky planet formation. 
In older systems (0.�±� billion years), impacts by water-rich asteroids from the outer stellar system may 
be delivering water and other volatiles to young rocky planets. Probing the composition of debris disks 
will reveal the makeup of planetary building blocks. Initial efforts in this area have been made with HST, 
but to survey more than Must a few systems, the LUVOIR Surveyor’s much greater sensitivity is needed. 
Furthermore, patterns in the dust of debris disks (like gaps and clumps) can reveal the presence of young 

Figure 3.2 An illustration of how Earth’s water may have been deposited from an early bombardment 
of comets. Credit: D.A. Aguilar (CfA)

How do the conditions for habitability develop during the 
process of planet formation?
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How do the conditions for habitability develop during the 
process of planet formation?

h o W  d i d  W e  g e T  h e r e ?
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Water: Where does it come from?
WaTer is fundamental to life on our planet, but where does it come from" The leading theories suggest that 
water was deposited on Earth through bombardment by asteroids and comets (Figure 3.2). As we begin 
to study the formation of other star systems and look for sister planets, we also need to understand where 
the most basic ingredients of life, such as water and organic molecules, reside in a stellar nursery before 
they become incorporated into asteroids and comets. We need to directly detect water in protoplanetary 
disks and map its locations. Although some by-products of water, such as deuterated species, are visible at 
millimeter�submillimeter wavelengths, the chemical processes creating them may have multiple pathways 
leading to inconclusive results about the distribution and evolution of water in other star systems. In the 
next �0 years, the Far-IR Surveyor will directly measure water emission lines from young stellar systems 
identified by ALMA and JWST. It would also provide the resolution needed to distinguish whether water is 
present everywhere in a star system or only in its outskirts. Moreover, by studying star systems at different 
evolutionary stages, we should be able to determine how the distribution of water evolves with time. 

Debris Disks
DeBrIs disks are the evolutionary link between gas-rich protoplanetary disks and mature planetary systems, 
representing the late stages of planetary system formation (Figure 3.3). These low-mass dusty disks around 
main-sequence stars are produced by colliding and evaporating asteroids and comets, the building blocks of 
planets. <ounger debris disks (�0±�00 million years) are the likely sites of ongoing rocky planet formation. 
In older systems (0.�±� billion years), impacts by water-rich asteroids from the outer stellar system may 
be delivering water and other volatiles to young rocky planets. Probing the composition of debris disks 
will reveal the makeup of planetary building blocks. Initial efforts in this area have been made with HST, 
but to survey more than Must a few systems, the LUVOIR Surveyor’s much greater sensitivity is needed. 
Furthermore, patterns in the dust of debris disks (like gaps and clumps) can reveal the presence of young 

Figure 3.2 An illustration of how Earth’s water may have been deposited from an early bombardment 
of comets. Credit: D.A. Aguilar (CfA)

Science Objective 1: Measure the water content in all evolutionary stages and across the stellar mass range  
tracing water vapor and ice at all temperatures between 10 and 10,000 K down to fundamental chemical limits.

OST will make the definitive statement on
the disposition of water as stars and planets 
are assembled.



15Goddard - ASD colloquium10/3/18

How do the conditions for habitability develop during the 
process of planet formation?

h o W  d i d  W e  g e T  h e r e ?
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Water: Where does it come from?
WaTer is fundamental to life on our planet, but where does it come from" The leading theories suggest that 
water was deposited on Earth through bombardment by asteroids and comets (Figure 3.2). As we begin 
to study the formation of other star systems and look for sister planets, we also need to understand where 
the most basic ingredients of life, such as water and organic molecules, reside in a stellar nursery before 
they become incorporated into asteroids and comets. We need to directly detect water in protoplanetary 
disks and map its locations. Although some by-products of water, such as deuterated species, are visible at 
millimeter�submillimeter wavelengths, the chemical processes creating them may have multiple pathways 
leading to inconclusive results about the distribution and evolution of water in other star systems. In the 
next �0 years, the Far-IR Surveyor will directly measure water emission lines from young stellar systems 
identified by ALMA and JWST. It would also provide the resolution needed to distinguish whether water is 
present everywhere in a star system or only in its outskirts. Moreover, by studying star systems at different 
evolutionary stages, we should be able to determine how the distribution of water evolves with time. 

Debris Disks
DeBrIs disks are the evolutionary link between gas-rich protoplanetary disks and mature planetary systems, 
representing the late stages of planetary system formation (Figure 3.3). These low-mass dusty disks around 
main-sequence stars are produced by colliding and evaporating asteroids and comets, the building blocks of 
planets. <ounger debris disks (�0±�00 million years) are the likely sites of ongoing rocky planet formation. 
In older systems (0.�±� billion years), impacts by water-rich asteroids from the outer stellar system may 
be delivering water and other volatiles to young rocky planets. Probing the composition of debris disks 
will reveal the makeup of planetary building blocks. Initial efforts in this area have been made with HST, 
but to survey more than Must a few systems, the LUVOIR Surveyor’s much greater sensitivity is needed. 
Furthermore, patterns in the dust of debris disks (like gaps and clumps) can reveal the presence of young 

Figure 3.2 An illustration of how Earth’s water may have been deposited from an early bombardment 
of comets. Credit: D.A. Aguilar (CfA)

Science Objective 2: Determine the planet-forming disks gas mass from the mass of Neptune to 300 Jupiter 
masses in over > 500 disk systems via HD J=1-0.
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Water: Where does it come from?
WaTer is fundamental to life on our planet, but where does it come from" The leading theories suggest that 
water was deposited on Earth through bombardment by asteroids and comets (Figure 3.2). As we begin 
to study the formation of other star systems and look for sister planets, we also need to understand where 
the most basic ingredients of life, such as water and organic molecules, reside in a stellar nursery before 
they become incorporated into asteroids and comets. We need to directly detect water in protoplanetary 
disks and map its locations. Although some by-products of water, such as deuterated species, are visible at 
millimeter�submillimeter wavelengths, the chemical processes creating them may have multiple pathways 
leading to inconclusive results about the distribution and evolution of water in other star systems. In the 
next �0 years, the Far-IR Surveyor will directly measure water emission lines from young stellar systems 
identified by ALMA and JWST. It would also provide the resolution needed to distinguish whether water is 
present everywhere in a star system or only in its outskirts. Moreover, by studying star systems at different 
evolutionary stages, we should be able to determine how the distribution of water evolves with time. 

Debris Disks
DeBrIs disks are the evolutionary link between gas-rich protoplanetary disks and mature planetary systems, 
representing the late stages of planetary system formation (Figure 3.3). These low-mass dusty disks around 
main-sequence stars are produced by colliding and evaporating asteroids and comets, the building blocks of 
planets. <ounger debris disks (�0±�00 million years) are the likely sites of ongoing rocky planet formation. 
In older systems (0.�±� billion years), impacts by water-rich asteroids from the outer stellar system may 
be delivering water and other volatiles to young rocky planets. Probing the composition of debris disks 
will reveal the makeup of planetary building blocks. Initial efforts in this area have been made with HST, 
but to survey more than Must a few systems, the LUVOIR Surveyor’s much greater sensitivity is needed. 
Furthermore, patterns in the dust of debris disks (like gaps and clumps) can reveal the presence of young 

Figure 3.2 An illustration of how Earth’s water may have been deposited from an early bombardment 
of comets. Credit: D.A. Aguilar (CfA)

Science Objective 3: Definitively determine the cometary contribution to Earth’s water by measuring the D/H 

ratio with high precision (< 0.1 VSMOW*) in over 200 comets in 5 years.

*Vienna Standard Mean Ocean Water – standard definition of isotropic composition of ocean water

OST will detect and measure the D/H ratio

in water in over 200 comets with enough

precision to delineate the diversity in the 

population for the first time.
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To unravel the formation process of the Milky Way halo, we must dissect these streams and place their 
properties within a cosmological context. Not only are LSST and WFIRST-AFTA the discovery vehicles 
for this exciting science, they will also yield preliminary insights on the global structure and extent of each 
stream, as well as the colors of their stars, providing a hint at their composition. But a more detailed analysis 
will be needed in order to use these new discoveries as testbeds for simulations of galaxy formation. We will 
need to characterize the chemistry, stellar mass, dark matter mass, age, and orbit of each stream around the 
Milky Way to decipher its role in the overall assembly history. Achieving this will require three new studies:

First, the high-precision astrometry of individual stars from LSST and WFIRST-AFTA will feed the next 
generation of �0-m ground-based telescopes for detailed spectroscopic analyses. With multi-obMect 
spectrographs, these telescopes will establish the velocities and chemical compositions of stars in each 
stream. The velocities can be used to measure the line-of-sight dispersion and constrain the mass of the 
stream’s progenitor galaxy stream.

Second, the characterization of stellar populations will require the LUVOIR Surveyor, which will enable 
high-precision color-magnitude diagrams in the Formative Era. Currently, the state-of-the-art instrument 
for such work is HST, which has a 2.�-m mirror. Although JWST will extend the capabilities of HST in 
the near IR, achieving sub-billion-year age resolution for all Milky Way substructures will require an even 
larger telescope to disentangle the most age-sensitive features of composite stellar populations (e.g., the old 
main-sequence turnoff of hydrogen-burning stars and the white dwarf cooling sequence). This can only be 
done over a panchromatic baseline that stretches from the UV to IR.

Third, the reconstruction of a stream’s dynamical history requires establishing full �D space velocities of its 
stellar content. The radial velocity measurements from ground-based �0-m telescopes must, therefore, be 
coupled with measurements of tangential velocities derived from proper motion studies from space. With 
�D velocities in hand, anisotropies in the orbits of these streams around the Milky Way will be measured 
directly, and the build up of the Milky Way halo will be seen in the form of a “movie” of the accretion events. 
Proper motions of very distant stars, over wide fields of view, will require a large space telescope operating 
at high spatial resolution (better than �0 milliarcseconds).

Figure 3.6 A composite of the center of our galaxy from images captured by HST, Spitzer, and Chandra. 
Credit: NASA
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To unravel the formation process of the Milky Way halo, we must dissect these streams and place their 
properties within a cosmological context. Not only are LSST and WFIRST-AFTA the discovery vehicles 
for this exciting science, they will also yield preliminary insights on the global structure and extent of each 
stream, as well as the colors of their stars, providing a hint at their composition. But a more detailed analysis 
will be needed in order to use these new discoveries as testbeds for simulations of galaxy formation. We will 
need to characterize the chemistry, stellar mass, dark matter mass, age, and orbit of each stream around the 
Milky Way to decipher its role in the overall assembly history. Achieving this will require three new studies:

First, the high-precision astrometry of individual stars from LSST and WFIRST-AFTA will feed the next 
generation of �0-m ground-based telescopes for detailed spectroscopic analyses. With multi-obMect 
spectrographs, these telescopes will establish the velocities and chemical compositions of stars in each 
stream. The velocities can be used to measure the line-of-sight dispersion and constrain the mass of the 
stream’s progenitor galaxy stream.

Second, the characterization of stellar populations will require the LUVOIR Surveyor, which will enable 
high-precision color-magnitude diagrams in the Formative Era. Currently, the state-of-the-art instrument 
for such work is HST, which has a 2.�-m mirror. Although JWST will extend the capabilities of HST in 
the near IR, achieving sub-billion-year age resolution for all Milky Way substructures will require an even 
larger telescope to disentangle the most age-sensitive features of composite stellar populations (e.g., the old 
main-sequence turnoff of hydrogen-burning stars and the white dwarf cooling sequence). This can only be 
done over a panchromatic baseline that stretches from the UV to IR.

Third, the reconstruction of a stream’s dynamical history requires establishing full �D space velocities of its 
stellar content. The radial velocity measurements from ground-based �0-m telescopes must, therefore, be 
coupled with measurements of tangential velocities derived from proper motion studies from space. With 
�D velocities in hand, anisotropies in the orbits of these streams around the Milky Way will be measured 
directly, and the build up of the Milky Way halo will be seen in the form of a “movie” of the accretion events. 
Proper motions of very distant stars, over wide fields of view, will require a large space telescope operating 
at high spatial resolution (better than �0 milliarcseconds).

Figure 3.6 A composite of the center of our galaxy from images captured by HST, Spitzer, and Chandra. 
Credit: NASA

Science Objective 1: Measure the star formation and black hole accretion rates in galaxies since the 
epoch of reionization, performing the first unbiased survey of the co-evolution of stars and 
supermassive black holes over cosmic time.

3 

 

 

3.1 Science Objective 1: The co-evolution of stars and black holes in 
galaxies 

The deepest infrared surveys to date have revealed that (1) the bulk of star 
formation in galaxies occurred between redshifts of 1 < z < 3, with a relatively sharp 
drop at z < 1, and (2) the vast majority of the UV light ever produced by young stars was 
re-processed by dust into the far infrared [Madau & Dickinson 2014 and references 
therein, FIG X]. Recent results show that obscured star formation dominates even down 
to relatively low-mass galaxies (log M (Msun) ~9.4) at z < 3, and that the fraction of star 
formation at a given stellar mass that is obscured by dust remains nearly constant (at 
XXX%) from 0 < z < 2.5 [Whitaker et al., 2017, FIG XX]. Because of the limitations of 
previous surveys, the star formation rate density (the number of stars produced per unit 
time, per co-moving volume) at z > 3 is unconstrained in the IR (Fig. X), where most of 
the energy emerges. It may decline quickly toward high redshift,  or all off more 
gradually relative to the unobscured SF as traced in the UV [Casey et al. 2018]. The 
role of dust obscured star formation in the earliest galaxies remains an open, but 
extremely important, question. 
 

 The growth rate of supermassive black holes (SMBH) shows a similar shape as 
the star formation rate out to z~3 [Madau and Dickinson, 2014], suggesting that the the 

two processes are linked. Fundamentally, the locally established SMBH-stellar mass 
correlation [Magorrian et al., 1998; Marconi and Hunt, 2003] implies that galaxies and 
their central SMBH co-evolve, ending up with a mass ratio that is roughly 700:1. While it 
seems plausible that gas accretion, from the cosmic web or through mergers, drives 
both star formation and black hole growth, the details of this relation are extremely  
difficult to model. Given the vastly different physical scales and thus timescales between 

Figure caption: Dust-obscured star formation dominates over cosmic time (left, Madau & 
Dickinson 2014), and even down to relatively low stellar masses (right, Whitaker et al. 2017). 
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To unravel the formation process of the Milky Way halo, we must dissect these streams and place their 
properties within a cosmological context. Not only are LSST and WFIRST-AFTA the discovery vehicles 
for this exciting science, they will also yield preliminary insights on the global structure and extent of each 
stream, as well as the colors of their stars, providing a hint at their composition. But a more detailed analysis 
will be needed in order to use these new discoveries as testbeds for simulations of galaxy formation. We will 
need to characterize the chemistry, stellar mass, dark matter mass, age, and orbit of each stream around the 
Milky Way to decipher its role in the overall assembly history. Achieving this will require three new studies:

First, the high-precision astrometry of individual stars from LSST and WFIRST-AFTA will feed the next 
generation of �0-m ground-based telescopes for detailed spectroscopic analyses. With multi-obMect 
spectrographs, these telescopes will establish the velocities and chemical compositions of stars in each 
stream. The velocities can be used to measure the line-of-sight dispersion and constrain the mass of the 
stream’s progenitor galaxy stream.

Second, the characterization of stellar populations will require the LUVOIR Surveyor, which will enable 
high-precision color-magnitude diagrams in the Formative Era. Currently, the state-of-the-art instrument 
for such work is HST, which has a 2.�-m mirror. Although JWST will extend the capabilities of HST in 
the near IR, achieving sub-billion-year age resolution for all Milky Way substructures will require an even 
larger telescope to disentangle the most age-sensitive features of composite stellar populations (e.g., the old 
main-sequence turnoff of hydrogen-burning stars and the white dwarf cooling sequence). This can only be 
done over a panchromatic baseline that stretches from the UV to IR.

Third, the reconstruction of a stream’s dynamical history requires establishing full �D space velocities of its 
stellar content. The radial velocity measurements from ground-based �0-m telescopes must, therefore, be 
coupled with measurements of tangential velocities derived from proper motion studies from space. With 
�D velocities in hand, anisotropies in the orbits of these streams around the Milky Way will be measured 
directly, and the build up of the Milky Way halo will be seen in the form of a “movie” of the accretion events. 
Proper motions of very distant stars, over wide fields of view, will require a large space telescope operating 
at high spatial resolution (better than �0 milliarcseconds).

Figure 3.6 A composite of the center of our galaxy from images captured by HST, Spitzer, and Chandra. 
Credit: NASA

Science Objective 1: Measure the star formation and black hole accretion rates in galaxies since the 
epoch of reionization, performing the first unbiased survey of the co-evolution of stars and 
supermassive black holes over cosmic time.
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To unravel the formation process of the Milky Way halo, we must dissect these streams and place their 
properties within a cosmological context. Not only are LSST and WFIRST-AFTA the discovery vehicles 
for this exciting science, they will also yield preliminary insights on the global structure and extent of each 
stream, as well as the colors of their stars, providing a hint at their composition. But a more detailed analysis 
will be needed in order to use these new discoveries as testbeds for simulations of galaxy formation. We will 
need to characterize the chemistry, stellar mass, dark matter mass, age, and orbit of each stream around the 
Milky Way to decipher its role in the overall assembly history. Achieving this will require three new studies:

First, the high-precision astrometry of individual stars from LSST and WFIRST-AFTA will feed the next 
generation of �0-m ground-based telescopes for detailed spectroscopic analyses. With multi-obMect 
spectrographs, these telescopes will establish the velocities and chemical compositions of stars in each 
stream. The velocities can be used to measure the line-of-sight dispersion and constrain the mass of the 
stream’s progenitor galaxy stream.

Second, the characterization of stellar populations will require the LUVOIR Surveyor, which will enable 
high-precision color-magnitude diagrams in the Formative Era. Currently, the state-of-the-art instrument 
for such work is HST, which has a 2.�-m mirror. Although JWST will extend the capabilities of HST in 
the near IR, achieving sub-billion-year age resolution for all Milky Way substructures will require an even 
larger telescope to disentangle the most age-sensitive features of composite stellar populations (e.g., the old 
main-sequence turnoff of hydrogen-burning stars and the white dwarf cooling sequence). This can only be 
done over a panchromatic baseline that stretches from the UV to IR.

Third, the reconstruction of a stream’s dynamical history requires establishing full �D space velocities of its 
stellar content. The radial velocity measurements from ground-based �0-m telescopes must, therefore, be 
coupled with measurements of tangential velocities derived from proper motion studies from space. With 
�D velocities in hand, anisotropies in the orbits of these streams around the Milky Way will be measured 
directly, and the build up of the Milky Way halo will be seen in the form of a “movie” of the accretion events. 
Proper motions of very distant stars, over wide fields of view, will require a large space telescope operating 
at high spatial resolution (better than �0 milliarcseconds).

Figure 3.6 A composite of the center of our galaxy from images captured by HST, Spitzer, and Chandra. 
Credit: NASA

Science Objective 1: Measure the star formation and black hole accretion rates in galaxies since the 
epoch of reionization, performing the first unbiased survey of the co-evolution of stars and 
supermassive black holes over cosmic time.

Galaxy main sequence at z=1.5-2 from the OSS deep survey.

Colors denote which galaxies will be detected in PAHs (red),

bright FS lines (green), and fainter FS lines (blue). OST will

measure SFRs for all galaxies in this plot, metallicities for

galaxies above 10^9Msun and black hole accretion rates for

every galaxy above 10^10 Msun!

OST/OSS survey areas are driven by the need to maximize 
the number of redshifts and SFR measurements at z > 5 
(wide survey) and the number of sources with accurate SFR 
and BH accretion rate measurements at z=3 (deep survey)
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To unravel the formation process of the Milky Way halo, we must dissect these streams and place their 
properties within a cosmological context. Not only are LSST and WFIRST-AFTA the discovery vehicles 
for this exciting science, they will also yield preliminary insights on the global structure and extent of each 
stream, as well as the colors of their stars, providing a hint at their composition. But a more detailed analysis 
will be needed in order to use these new discoveries as testbeds for simulations of galaxy formation. We will 
need to characterize the chemistry, stellar mass, dark matter mass, age, and orbit of each stream around the 
Milky Way to decipher its role in the overall assembly history. Achieving this will require three new studies:

First, the high-precision astrometry of individual stars from LSST and WFIRST-AFTA will feed the next 
generation of �0-m ground-based telescopes for detailed spectroscopic analyses. With multi-obMect 
spectrographs, these telescopes will establish the velocities and chemical compositions of stars in each 
stream. The velocities can be used to measure the line-of-sight dispersion and constrain the mass of the 
stream’s progenitor galaxy stream.

Second, the characterization of stellar populations will require the LUVOIR Surveyor, which will enable 
high-precision color-magnitude diagrams in the Formative Era. Currently, the state-of-the-art instrument 
for such work is HST, which has a 2.�-m mirror. Although JWST will extend the capabilities of HST in 
the near IR, achieving sub-billion-year age resolution for all Milky Way substructures will require an even 
larger telescope to disentangle the most age-sensitive features of composite stellar populations (e.g., the old 
main-sequence turnoff of hydrogen-burning stars and the white dwarf cooling sequence). This can only be 
done over a panchromatic baseline that stretches from the UV to IR.

Third, the reconstruction of a stream’s dynamical history requires establishing full �D space velocities of its 
stellar content. The radial velocity measurements from ground-based �0-m telescopes must, therefore, be 
coupled with measurements of tangential velocities derived from proper motion studies from space. With 
�D velocities in hand, anisotropies in the orbits of these streams around the Milky Way will be measured 
directly, and the build up of the Milky Way halo will be seen in the form of a “movie” of the accretion events. 
Proper motions of very distant stars, over wide fields of view, will require a large space telescope operating 
at high spatial resolution (better than �0 milliarcseconds).

Figure 3.6 A composite of the center of our galaxy from images captured by HST, Spitzer, and Chandra. 
Credit: NASA

Fig. 3: Infrared metallicity line diagnostic diagrams for the bright MIR (left) and FIR(right) emission lines (Fernández-Ontiveros et al. 2016; 
Pereira-Santaella et al. 2017). 

Science Objective 2: Measure the metal content of galaxies as a function of cosmic time, tracing 
the rise of heavy elements, dust and organic molecules across redshift, morphology and environment.
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To unravel the formation process of the Milky Way halo, we must dissect these streams and place their 
properties within a cosmological context. Not only are LSST and WFIRST-AFTA the discovery vehicles 
for this exciting science, they will also yield preliminary insights on the global structure and extent of each 
stream, as well as the colors of their stars, providing a hint at their composition. But a more detailed analysis 
will be needed in order to use these new discoveries as testbeds for simulations of galaxy formation. We will 
need to characterize the chemistry, stellar mass, dark matter mass, age, and orbit of each stream around the 
Milky Way to decipher its role in the overall assembly history. Achieving this will require three new studies:

First, the high-precision astrometry of individual stars from LSST and WFIRST-AFTA will feed the next 
generation of �0-m ground-based telescopes for detailed spectroscopic analyses. With multi-obMect 
spectrographs, these telescopes will establish the velocities and chemical compositions of stars in each 
stream. The velocities can be used to measure the line-of-sight dispersion and constrain the mass of the 
stream’s progenitor galaxy stream.

Second, the characterization of stellar populations will require the LUVOIR Surveyor, which will enable 
high-precision color-magnitude diagrams in the Formative Era. Currently, the state-of-the-art instrument 
for such work is HST, which has a 2.�-m mirror. Although JWST will extend the capabilities of HST in 
the near IR, achieving sub-billion-year age resolution for all Milky Way substructures will require an even 
larger telescope to disentangle the most age-sensitive features of composite stellar populations (e.g., the old 
main-sequence turnoff of hydrogen-burning stars and the white dwarf cooling sequence). This can only be 
done over a panchromatic baseline that stretches from the UV to IR.

Third, the reconstruction of a stream’s dynamical history requires establishing full �D space velocities of its 
stellar content. The radial velocity measurements from ground-based �0-m telescopes must, therefore, be 
coupled with measurements of tangential velocities derived from proper motion studies from space. With 
�D velocities in hand, anisotropies in the orbits of these streams around the Milky Way will be measured 
directly, and the build up of the Milky Way halo will be seen in the form of a “movie” of the accretion events. 
Proper motions of very distant stars, over wide fields of view, will require a large space telescope operating 
at high spatial resolution (better than �0 milliarcseconds).

Figure 3.6 A composite of the center of our galaxy from images captured by HST, Spitzer, and Chandra. 
Credit: NASA

Science Objective 2: Measure the metal content of galaxies as a function of cosmic time, tracing 
the rise of heavy elements, dust and organic molecules across redshift, morphology and environment.
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To unravel the formation process of the Milky Way halo, we must dissect these streams and place their 
properties within a cosmological context. Not only are LSST and WFIRST-AFTA the discovery vehicles 
for this exciting science, they will also yield preliminary insights on the global structure and extent of each 
stream, as well as the colors of their stars, providing a hint at their composition. But a more detailed analysis 
will be needed in order to use these new discoveries as testbeds for simulations of galaxy formation. We will 
need to characterize the chemistry, stellar mass, dark matter mass, age, and orbit of each stream around the 
Milky Way to decipher its role in the overall assembly history. Achieving this will require three new studies:

First, the high-precision astrometry of individual stars from LSST and WFIRST-AFTA will feed the next 
generation of �0-m ground-based telescopes for detailed spectroscopic analyses. With multi-obMect 
spectrographs, these telescopes will establish the velocities and chemical compositions of stars in each 
stream. The velocities can be used to measure the line-of-sight dispersion and constrain the mass of the 
stream’s progenitor galaxy stream.

Second, the characterization of stellar populations will require the LUVOIR Surveyor, which will enable 
high-precision color-magnitude diagrams in the Formative Era. Currently, the state-of-the-art instrument 
for such work is HST, which has a 2.�-m mirror. Although JWST will extend the capabilities of HST in 
the near IR, achieving sub-billion-year age resolution for all Milky Way substructures will require an even 
larger telescope to disentangle the most age-sensitive features of composite stellar populations (e.g., the old 
main-sequence turnoff of hydrogen-burning stars and the white dwarf cooling sequence). This can only be 
done over a panchromatic baseline that stretches from the UV to IR.

Third, the reconstruction of a stream’s dynamical history requires establishing full �D space velocities of its 
stellar content. The radial velocity measurements from ground-based �0-m telescopes must, therefore, be 
coupled with measurements of tangential velocities derived from proper motion studies from space. With 
�D velocities in hand, anisotropies in the orbits of these streams around the Milky Way will be measured 
directly, and the build up of the Milky Way halo will be seen in the form of a “movie” of the accretion events. 
Proper motions of very distant stars, over wide fields of view, will require a large space telescope operating 
at high spatial resolution (better than �0 milliarcseconds).

Figure 3.6 A composite of the center of our galaxy from images captured by HST, Spitzer, and Chandra. 
Credit: NASA

Science Objective 2: Measure the metal content of galaxies as a function of cosmic time, tracing 
the rise of heavy elements, dust and organic molecules across redshift, morphology and environment.
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To unravel the formation process of the Milky Way halo, we must dissect these streams and place their 
properties within a cosmological context. Not only are LSST and WFIRST-AFTA the discovery vehicles 
for this exciting science, they will also yield preliminary insights on the global structure and extent of each 
stream, as well as the colors of their stars, providing a hint at their composition. But a more detailed analysis 
will be needed in order to use these new discoveries as testbeds for simulations of galaxy formation. We will 
need to characterize the chemistry, stellar mass, dark matter mass, age, and orbit of each stream around the 
Milky Way to decipher its role in the overall assembly history. Achieving this will require three new studies:

First, the high-precision astrometry of individual stars from LSST and WFIRST-AFTA will feed the next 
generation of �0-m ground-based telescopes for detailed spectroscopic analyses. With multi-obMect 
spectrographs, these telescopes will establish the velocities and chemical compositions of stars in each 
stream. The velocities can be used to measure the line-of-sight dispersion and constrain the mass of the 
stream’s progenitor galaxy stream.

Second, the characterization of stellar populations will require the LUVOIR Surveyor, which will enable 
high-precision color-magnitude diagrams in the Formative Era. Currently, the state-of-the-art instrument 
for such work is HST, which has a 2.�-m mirror. Although JWST will extend the capabilities of HST in 
the near IR, achieving sub-billion-year age resolution for all Milky Way substructures will require an even 
larger telescope to disentangle the most age-sensitive features of composite stellar populations (e.g., the old 
main-sequence turnoff of hydrogen-burning stars and the white dwarf cooling sequence). This can only be 
done over a panchromatic baseline that stretches from the UV to IR.

Third, the reconstruction of a stream’s dynamical history requires establishing full �D space velocities of its 
stellar content. The radial velocity measurements from ground-based �0-m telescopes must, therefore, be 
coupled with measurements of tangential velocities derived from proper motion studies from space. With 
�D velocities in hand, anisotropies in the orbits of these streams around the Milky Way will be measured 
directly, and the build up of the Milky Way halo will be seen in the form of a “movie” of the accretion events. 
Proper motions of very distant stars, over wide fields of view, will require a large space telescope operating 
at high spatial resolution (better than �0 milliarcseconds).

Figure 3.6 A composite of the center of our galaxy from images captured by HST, Spitzer, and Chandra. 
Credit: NASA

Science Objective 3: Determine how energetic feedback from AGN and supernovae regulate galaxy 
growth, quench star formation, and drive galactic ecosystems, by measuring galactic outflows as a 
function of SFR, AGN luminosity and redshift over the past 10 Gyr.
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How do galaxies form stars, make metals, and grow their central 
supermassive blackholes from reionization to today?

h o W  d i d  W e  g e T  h e r e ?
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To unravel the formation process of the Milky Way halo, we must dissect these streams and place their 
properties within a cosmological context. Not only are LSST and WFIRST-AFTA the discovery vehicles 
for this exciting science, they will also yield preliminary insights on the global structure and extent of each 
stream, as well as the colors of their stars, providing a hint at their composition. But a more detailed analysis 
will be needed in order to use these new discoveries as testbeds for simulations of galaxy formation. We will 
need to characterize the chemistry, stellar mass, dark matter mass, age, and orbit of each stream around the 
Milky Way to decipher its role in the overall assembly history. Achieving this will require three new studies:

First, the high-precision astrometry of individual stars from LSST and WFIRST-AFTA will feed the next 
generation of �0-m ground-based telescopes for detailed spectroscopic analyses. With multi-obMect 
spectrographs, these telescopes will establish the velocities and chemical compositions of stars in each 
stream. The velocities can be used to measure the line-of-sight dispersion and constrain the mass of the 
stream’s progenitor galaxy stream.

Second, the characterization of stellar populations will require the LUVOIR Surveyor, which will enable 
high-precision color-magnitude diagrams in the Formative Era. Currently, the state-of-the-art instrument 
for such work is HST, which has a 2.�-m mirror. Although JWST will extend the capabilities of HST in 
the near IR, achieving sub-billion-year age resolution for all Milky Way substructures will require an even 
larger telescope to disentangle the most age-sensitive features of composite stellar populations (e.g., the old 
main-sequence turnoff of hydrogen-burning stars and the white dwarf cooling sequence). This can only be 
done over a panchromatic baseline that stretches from the UV to IR.

Third, the reconstruction of a stream’s dynamical history requires establishing full �D space velocities of its 
stellar content. The radial velocity measurements from ground-based �0-m telescopes must, therefore, be 
coupled with measurements of tangential velocities derived from proper motion studies from space. With 
�D velocities in hand, anisotropies in the orbits of these streams around the Milky Way will be measured 
directly, and the build up of the Milky Way halo will be seen in the form of a “movie” of the accretion events. 
Proper motions of very distant stars, over wide fields of view, will require a large space telescope operating 
at high spatial resolution (better than �0 milliarcseconds).

Figure 3.6 A composite of the center of our galaxy from images captured by HST, Spitzer, and Chandra. 
Credit: NASA

Science Objective 3: Determine how energetic feedback from AGN and supernovae regulate galaxy 
growth, quench star formation, and drive galactic ecosystems, by measuring galactic outflows as a 
function of SFR, AGN luminosity and redshift over the past 10 Gyr.
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Science Summary

(I) Are we alone? OST goal: OST will assess the habitability of nearby exoplanets and search for signs of life. 

(II) How did we get here? OST question: How do the conditions for habitability develop during the process of 

planet formation? 

(III) How does the Universe work? OST question: How do galaxies form stars, make metals, and grow their 

central supermassive blackholes from reionization to today? 

a r e  W e  a l o n e ?
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zones. This determines how many target stars we have to observe to find a certain number of exoEarths. 
As described in Section 2.2, this percentage will be securely determined with data from Kepler, TESS, and 
WFIRST-AFTA.

Furthermore, we need to know how “clean” the habitable zones of the 
target stars are. Dust in the habitable zones (exozodiacal dust) comes 

from extrasolar asteroids and comets and is thus an expected part 
of a planetary system. Direct observations of terrestrial planets 

around nearby stars will likely be limited by light from this dust. 
The astronomical community has recognized the importance of 
probing nearby stars to assess typical exozodiacal dust levels 
(Astro2010 Decadal Survey). NASA has funded construction 
and operation of a ground-based instrument to perform this 
task, LBTI on the Large Binocular Telescope at Mount Graham, 
Arizona, which is now being commissioned. LBTI science 
operations are expected to begin in 2014. 

Finding exoEarths requires synergy between astronomical and 
biological research. The intersection of these disciplines is the 

realm of astrobiology, the quest to understand life’s origins and 
recognize its signs. The dynamic contributors to Earth’s atmosphere 

have changed substantially over its long history, dramatically modifying 
the planet’s climate and the bulk composition of its atmosphere (Figure 2.9). 

Before the Great Oxygenation Event, about 2.4 billion years ago, Earth’s atmosphere did not contain large 
amounts of free oxygen although life had long flourished on its surface. The event occurred soon after the 
rise of photosynthetic cyanobacteria that convert CO2 into O2; the exact timing depended on the balance 
between oxygen-producing life and oxygen-destroying geologic processes. Other exoEarths will likely have 
ages different from the present-day Earth. To understand their atmospheres and identify which of them 
might harbor life, we first need to better understand atmospheric signs of life throughout our Earth’s long 
inhabited history.

Pale Blue Dots
The next steps are to find rocky exoplanets with liquid water on their surfaces and search for telltale signs of 
life’s influence in the atmospheres of these exoEarths. To accomplish these goals, we must extract light from 
extremely faint Earth-sized exoplanets out of the blinding glare of their Sun-like host stars. The starlight 
could be suppressed with an internal coronagraph or external occulter (a free-flying starshade) added to a 

Figure 2.9 Earth’s three atmospheres. Left: The primordial hydrogen-rich atmosphere just after 
formation of the Earth, about 4.6 billion years ago. Middle: Earth’s early atmosphere, about 3.8 billion 
years ago, contained large amounts of gases released from volcanoes. Right: Earth’s present-day 
atmosphere, containing abundant free oxygen coming from life. Credit: NASA

Is there life on other 
worlds? For the first 

time in human history, 
we have finally been 

able to embark on the 
systematic, scientific 
pursuit of an answer.

h o W  d i d  W e  g e T  h e r e ?
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Water: Where does it come from?
WaTer is fundamental to life on our planet, but where does it come from" The leading theories suggest that 
water was deposited on Earth through bombardment by asteroids and comets (Figure 3.2). As we begin 
to study the formation of other star systems and look for sister planets, we also need to understand where 
the most basic ingredients of life, such as water and organic molecules, reside in a stellar nursery before 
they become incorporated into asteroids and comets. We need to directly detect water in protoplanetary 
disks and map its locations. Although some by-products of water, such as deuterated species, are visible at 
millimeter�submillimeter wavelengths, the chemical processes creating them may have multiple pathways 
leading to inconclusive results about the distribution and evolution of water in other star systems. In the 
next �0 years, the Far-IR Surveyor will directly measure water emission lines from young stellar systems 
identified by ALMA and JWST. It would also provide the resolution needed to distinguish whether water is 
present everywhere in a star system or only in its outskirts. Moreover, by studying star systems at different 
evolutionary stages, we should be able to determine how the distribution of water evolves with time. 

Debris Disks
DeBrIs disks are the evolutionary link between gas-rich protoplanetary disks and mature planetary systems, 
representing the late stages of planetary system formation (Figure 3.3). These low-mass dusty disks around 
main-sequence stars are produced by colliding and evaporating asteroids and comets, the building blocks of 
planets. <ounger debris disks (�0±�00 million years) are the likely sites of ongoing rocky planet formation. 
In older systems (0.�±� billion years), impacts by water-rich asteroids from the outer stellar system may 
be delivering water and other volatiles to young rocky planets. Probing the composition of debris disks 
will reveal the makeup of planetary building blocks. Initial efforts in this area have been made with HST, 
but to survey more than Must a few systems, the LUVOIR Surveyor’s much greater sensitivity is needed. 
Furthermore, patterns in the dust of debris disks (like gaps and clumps) can reveal the presence of young 

Figure 3.2 An illustration of how Earth’s water may have been deposited from an early bombardment 
of comets. Credit: D.A. Aguilar (CfA)
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To unravel the formation process of the Milky Way halo, we must dissect these streams and place their 
properties within a cosmological context. Not only are LSST and WFIRST-AFTA the discovery vehicles 
for this exciting science, they will also yield preliminary insights on the global structure and extent of each 
stream, as well as the colors of their stars, providing a hint at their composition. But a more detailed analysis 
will be needed in order to use these new discoveries as testbeds for simulations of galaxy formation. We will 
need to characterize the chemistry, stellar mass, dark matter mass, age, and orbit of each stream around the 
Milky Way to decipher its role in the overall assembly history. Achieving this will require three new studies:

First, the high-precision astrometry of individual stars from LSST and WFIRST-AFTA will feed the next 
generation of �0-m ground-based telescopes for detailed spectroscopic analyses. With multi-obMect 
spectrographs, these telescopes will establish the velocities and chemical compositions of stars in each 
stream. The velocities can be used to measure the line-of-sight dispersion and constrain the mass of the 
stream’s progenitor galaxy stream.

Second, the characterization of stellar populations will require the LUVOIR Surveyor, which will enable 
high-precision color-magnitude diagrams in the Formative Era. Currently, the state-of-the-art instrument 
for such work is HST, which has a 2.�-m mirror. Although JWST will extend the capabilities of HST in 
the near IR, achieving sub-billion-year age resolution for all Milky Way substructures will require an even 
larger telescope to disentangle the most age-sensitive features of composite stellar populations (e.g., the old 
main-sequence turnoff of hydrogen-burning stars and the white dwarf cooling sequence). This can only be 
done over a panchromatic baseline that stretches from the UV to IR.

Third, the reconstruction of a stream’s dynamical history requires establishing full �D space velocities of its 
stellar content. The radial velocity measurements from ground-based �0-m telescopes must, therefore, be 
coupled with measurements of tangential velocities derived from proper motion studies from space. With 
�D velocities in hand, anisotropies in the orbits of these streams around the Milky Way will be measured 
directly, and the build up of the Milky Way halo will be seen in the form of a “movie” of the accretion events. 
Proper motions of very distant stars, over wide fields of view, will require a large space telescope operating 
at high spatial resolution (better than �0 milliarcseconds).

Figure 3.6 A composite of the center of our galaxy from images captured by HST, Spitzer, and Chandra. 
Credit: NASA
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Science Overlap: OST vs JWST
Transmission Spectrum Emission Spectrum

Optimistic 30 ppm noise floor for MIRI/LRS, 
5ppm noise floor for MISC
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Why Transiting Exoplanets?
• Precisely determined masses

and radii

• Masses from RV instruments 

(more later)

• Stellar (and planetary) radii to ~5% 

with GAIA 

• Bulk densities for planetary 

classification before atmospheric 

characterization 

• Target rocky planets known to 

have volatile-rich atmospheres

Grimm+ (2018)

10/3/18 Goddard - ASD colloquium 37



Why M Dwarfs?
• M dwarfs are common

• 75% of stars within 15 pc are M dwarfs

• Rocky planets are common
• Expect to detect about a dozen HZ 

exoplanets transiting mid-to-late M 
dwarfs within 15 pc

• Four such planets are already known 
(TRAPPIST-1d,e,f and LHS-1140b) 

• Advantages of small (rocky) planets 
transiting M dwarf stars 
• Larger transit depths
• Closer habitable zones (5 – 100 days)
• Increased transit probability in HZ 

T. Henry, RECONS Survey
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Predicted Yields
• TESS is not ideal for late M dwarfs

• SPECULOOS will observe ~1200 M7-L3

• Delrez+ (2018) estimate 14±5 HZ planets
• 1-3 systems within 10 pc (brighter than TRAPPIST-

1)

• MEarth+TESS+SPECULOOS+Others will yield 
≳dozen temperate terrestrial planets around 
mid/late M dwarfs within 15 pc
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Science Objectives
• Tier 3: OST shall detect biosignatures (CH4 and O3) at >3.6σ, assuming 

an Earth-like atmosphere, for the four highest-ranked targets that 
exhibit indicators of habitability.

• Tier 2: OST shall obtain emission spectra (over 4 - 22 µm) of 6-8 
planets that exhibit spectral modulation and constrain the 
temperature at the apparent surface* to be consistent (at >95% 
confidence) with liquid water.

• Tier 1: OST shall obtain transmission spectra (over 3 - 11 µm) of 12-16 
terrestrial (R<1.6 REarth), habitable-zone (Teq < 400 K) exoplanets 
transiting nearby M dwarf stars and, assuming an Earth-like 
atmosphere, detect spectral modulation at >3.6σ.

Tier 1

Tier 2

Tier 3
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